This paper presents multi-objective optimization for minimization of both the operating and the investment costs for a hypothetical factory acting as a prosumer on the electricity market.
Introduction
The increasing concerns of environmental pollution and protection have forced us to seek a new generation of cleaner industrial production to maximize productivity and simultaneously minimize contamination (Klemeš et al., 2012; Čuček et al., 2014) . Modern society in order to become more sustainable requires pursuit of a proper balance of economic, environmental, ethical, and social objectives. Using energy and products efficiently along with managing the end-of-life of products and materials through remanufacture, recycling, or disposal is one of the starting points of achieving this goal . In today's industrial production increasing importance is being attributed to the key role of effective planning, design and management of the entire supply chain (Santibanez-Gonzalez and Diabat, 2016) . Based on that, to ensure the sustainability of a particular industrial production process, the supply and use of energy have to apply the principle of minimising negative environmental impacts, e.g. to reduce the greenhouse gas emissions and emissions of other pollutants, which are directly related to the types and loads of the energy sources used (Yong et al., 2016) .
Due to the increased need for clean and environmentally friendly production, energy of "green and clean" origin, one produced by hydro, wind, geothermal, solar, and biomass power plants, is in demand, especially in industrialized societies (Agüero-Rubio et al., 2014) .
In order to reduce energy costs in manufacturing companies, the self-supply using renewable energies is becoming a viable option for an increasing number of industrial producers (Pechmann et al., 2016) . However, the high fluctuations in time and output of many renewable energy sources make them harder to be utilised efficiently in continuous production processes. This can significantly affect the production performance because electricity should be produced and supplied at the time when it is needed (Rozali et al., 2014) .
One solution for integrating fluctuating renewable electricity supplies into industrial production is by using small and medium-sized combined heat and power plants (Andersen and Lund, 2007; Lund et al., 2015) , together with thermal energy storage systems that reduce the cost of operating of the combined heat and power plants (Díaz and Moreno, 2016) .
Increased integration of renewables can also be achieved with integration of reverse osmosis desalination process into the energy system with the use of pumped storage, as well as desalinated water storage (Novosel et al., 2014 . In both studies the use of pumped and desalinated water storage was crucial for increased integration of wind and PV. The optimization of energy flows in such systems with varying optimization horizon was also investigated (Perković et al., 2015) . Therefore current production requires a technological upgrade of the electricity systems as well as a rethinking of stakeholders, like consumers, generators, grid operators, market operators, and regulators (Rigler et al., 2016) .
Recently, electricity market and electricity pricing has attracted vast attention in already operating power exchange markets in United States (Wang and Li, 2016) and in Europe (Sleisz and Raisz, 2016) . The electricity market, once monopolistic, has become a competitive market where electricity prices are derived by the interaction of supply and demand. This new context, joined with the physical characteristics of electrical power, has generated new price patterns, never seen before, neither in financial markets, nor in commodity markets (Fanelli et al., 2016) . Due to the constant evolution of the electricity market environment, the usage of simulation tools has grown with the need for understanding of the electricity pricing and how the involved players' interaction affects the outcomes of the markets (Santos et al., 2015) .
Several different studies showed that optimal scheduling of even relatively small production orders is clearly beyond the capability of manual tools or common single objective scheduling optimisation methods. Therefore, a multi-objective scheduling optimisation method has been developed which includes reducing electricity consumption and environmental impact of different systems (Liu et al., 2015) . Using this approach Zamani et al. (2016) analysed the simultaneous energy and reserve scheduling method for a Virtual
Power Plant considering demand response resources, energy storages and uncertainties parameters. The study showed that modelling of uncertainties in operational planning problems makes the scheduled result more realistic. Garg et al. (2016) in their study showed that for achieving the multi-objective optimization of product quality and power consumption of any production process, the formulation of generalized models is essential. Yan and Li (2013) using multi-objective optimization technique analysed the energy efficiency of a cutting process. The study showed that in order to reduce energy consumption of cutting process, both surface roughness and material removal rate should be considered together.
Zhang and Chiong (2016) using a multi-objective genetic algorithm showed that besides the adoption of new equipment, production scheduling could play a key role in reducing the total energy consumption of a manufacturing plant. The results presented in this study are useful for future research on energy-efficient production scheduling. Multi-objective optimization was also used for the long-term energy planning of power systems. The focus of these studies was mainly on renewable energy and integration of electric vehicles in existing power systems ( (Després et al., 2015; Prebeg et al., 2016) . A harmonic controller, as a part of a lowvoltage grid, and integration of electric vehicle batteries as power storage devices, was studied by Görbe et al. (2012) . The study showed that the grid could utilize a complex multifunctional controller capable of optimizing the working point and charging current of the system, while also implementing active power factor correction, lowering extant harmonic distortion and controlling the voltage level in the studied low-voltage power lines.
The purpose of this study is to investigate how multi-objective optimization can be used for optimizing the problem of minimizing both the investment costs and operating costs of energy supply. The novelty of this work is the new multi-objective decision making methodology in the field of cleaner production, where two objective criteria are defined. The presented methodology clearly identifies the overall optimum for the given set of inputs. The extensive analysis of the results, as well as sensitivity of results on volatility of MCP and price of fuel is also provided.
Problem formulation:
The overall scheme of the problem is presented in Figure 1 . The overall objective is to minimize the factory energy supply costs of electricity and fuel and to minimize the cost of equipment that enables the minimization of energy supply costs, like size of the thermal storage, warehouse and installed capacity of PV. Energy inputs for the factory are fuel (natural gas) and electric power that can be purchased from the day-ahead electricity market.
From the market point of view, it is assumed that the factory bids, both as a consumer or a producer, cannot influence on the market clearing price (MCP). Therefore, the MCP is taken as an input time distribution that is not influenced by the power exchange with the factory. irradiance. All input time distributions are known in advance and therefore the problem is deterministic from the optimization point of view. Production facility requires exact amount of thermal and electric energy for each product being produced, and energy flows inside the factory are thermal energy from the combined heat and power (CHP) and power-to-heat (PTH) taken from the electricity bus. Electric energy can be supplied from several sources:
from the exchange with the electricity market, form the CHP unit and from the photovoltaic (PV) unit. Demand for products must be strictly obeyed, and this presents one of the constraints of the presented model.
Factory can offset the high energy prices with using its thermal storage and warehouse capacities to produce thermal energy and products at low prices of gas and electricity, as well as sell excess of electricity to the market and therefore obtain extra profit.
Methodology
Methodology is divided into the model of the simplified factory in which electrical and thermal energy flows are modelled, multi-objective goal function in which objectives of the optimization are identified and definition of constraints in which physical limitations for the values of optimized variables are defined.
Energy flows in a factory model
The CHP unit gives the thermal and electrical power on the output that is directly related to the input fuel and the respective efficiencies: The electric power flows are supply/demand from the input/output of electric energy, supply from the CHP unit and supply from the the PV plant. Demands are related to electric demands in the production unit and power-to-heat, where electric power is converted to heat and stored in thermal storage. The amount of power that can be taken from the PV unit is directly linked to the solar irradiance for a given location and can be expressed as 
Electric and thermal demand for production unit are directly related and thermal demand can be expressed as a function of electric demand: 
The production unit capacity limits the number of units that can be produced during one hour:
The difference between the newly produced products from the production facility and the products demand given by the hourly output schedule are accumulated in the warehouse and limited by the warehouse capacity.
The solar irradiance irr t e and the hourly schedule of products to be delivered dem prod t n , have to be provided as inputs to the model.
The multi-objective goal function
The overall objective is to minimize the factory running costs, as well as investment costs related to the size of the equipment that enables the minimization of the running costs. This is essentially a multi-objective optimization problem that can be written in the following form:
There is a negative sign at the last term of the above equation, since export capacity exp P is negative. The hourly import ad export rate O I t q / can have both the positive (import) and negative sign (export).
Two objectives can be seen in equation (10) The two objectives are conflicting, and therefore the relative importance factor f is introduced for both of the objectives, f1 and f2. The relation between the two factors is:
The constraints of the multi-objective optimization are related to the physical limitations of the system, as well as fully deterministic environment variables: MCP, price of gas, demand for products, as well as solar irradiance over time.
The cost of power-to-heat is associated with the loss of income from the market sales minus reduced thermal energy that would otherwise had to be provided from the CHP:
Negative sign indicates that positive value of PTH t q always decreases the overall cost and minimizes the objective function.
The power from the PV unit can be expressed in specific units per square meter, rather than energy units:
Expressing the cost of PV unit per unit of area is more convenient if maximum installed power depends on the available area, which is usually the case.
Constraints
The two limitations from the equation (5) can be written in the following form, after equations (1-3) and (6-7) are inserted in equation (5) 
The two limitations from the equation (9) can be written in the following form, after equations (1-3) and (6-7) are inserted in equation (9) 
The two limitations from the equation (9) can be written in the following form, after equations (1-3) and (7-8) are inserted in equation (9) 
Additional constraints are provided by the upper and lower bounds of the optimized variables. These bounds are related to maximum capacities for electric energy exchange between the electricity market and the factory, as well as maximum capacities of CHP and PTH units.
Additional constraint can be given on the total amount of investment available for cost of equipment:
In multi-objective optimization both the operating and investment cost criteria has to be reduced on the same time period. In this work this period is one year, and reduction of operating costs is trivial, since they are already calculated for one year period. On the other hand, investment costs have to be reduced to a single year with the help of equation for net present value (NPV): 
where income depends only on scheduled demand for the delivered. It can be seen that operating and investment costs are reduced with the reduction factor Fred. When multiobjective optimization is performed, both costs are reduced to the same time frame, as the following expression, the modification of the Eq. (10), shows:
The Eq (10) can now be rewritten in the final form: 
Solution procedure
The presented optimization model is linear and all constraints are linear, so optimization can be done with the use of linear programming. The software used was GNU Octave (2015) which has implemented linear programming solver GNU Linear Programming Kit GLPK (2015) . The transformation of the model into the matrix form is given in the Appendix.
Case study for a hypothetical factory
The analysis has been done for the hypothetical case study of a simple factory model, presented in Figure 1 . In total, five different scenarios have been analysed depending on the values of the prices of the external energy sources, the electricity and the natural gas and cost of PV panels per square meter. Results are presenting Pareto fronts, showing the direct result of optimisation and relative influence of two optimization criteria, energy flows and breakdown of costs and earnings from the exchange of electricity with the market.
Setup of simulation scenarios
All scenarios are having a common setup presented in Table 1 . Specific price for CHP, PTH and thermal storage per unit of installed power and installed capacity are estimated from the Technology data for Energy Plants (2012). Price of warehouse per unit of product is difficult to estimate, since it heavily depends on the given situation and the specific real-life case. In this work the estimation is that specific cost of warehouse is directly linked to specific cost of thermal storage through the formula:
Sensitivity analysis on input prices of electricity, price of fuel (natural gas) and cost of PV panels (per square meter) is done with set of six simulations, where each scenario has it's own pair of multiplication factors: variance of electricity (fMCP) and price of fuel (ffu) and cost of PV panel (fPV). From the multiplication factors input prices of electricity and gas are: 
Brackets . denote time average. All scenarios are presented in Table 2 .
Table 2 -Multiplication factors for all scenarios
Daily schedule for the number of products that factory has to deliver is constant for each hour and equals to eight produced products ( ). This schedule is input to the optimization case study and has to be prescribed in the advance. Different scheduling will result in different optimization results. Solar irradiance is obtained from the METEONORM Software (2015) , and corresponds to average of four Croatian major cities: Zagreb, Split, Rijeka and Osijek. The case study assumption is that the CHP unit runs on gas and that the price of gas is constant for a simulated period. The reference price of gas is given on the basis of Central European 
Results and discussion

A priori cost analysis
For an initial estimation on what would be the expected results from the optimization, a priori analysis of three possible energy supplies, from the import, CHP or PV unit, is investigated. The available warehouse capacity and thermal storage capacities, as well as upper bounds on the size of the equipment are neglected. Thermal and electricity energy demand is determined from the number of supplied products per year multiplied with specific energy demand for each product: 100 kWh of electric and 50 kWh of thermal energy per product for each hour. Since product demand is constant throughout the year, for each hour energy demand is 800 kWh of electric and 400 kWh of thermal energy, leading to required capacities of 800 kW of electric and 400kW of thermal power.
If PV units are used, both the thermal and warehouse capacities should be very large to bridge the no-sun periods. If CHP unit is used and dimensioned to match the thermal energy demand, additional import of electric energy has to be provided, since CHP unit with 400kW of thermal energy can provide only 280 kW of electric energy. If only import unit is used for energy supply, then no additional units except PTH unit are needed, since electricity can provide both electric and thermal energy.
Pareto fronts and the overall optimum
The result of the multi-objective optimization of two objectives can graphically be presented in a form of Pareto front. This is the front that connects different optimums of the single multi-objective optimization with respect to the relative importance of each, determined by the factor f1. The two objectives from the the objective function, Eq. (9) and (23):
Total cost is simply summation of the two costs
. For each scenario the so-called utopia point U can be found with the following formula:
Utopia point is a point in which minimum of both objectives is realized. Utopia point can never be achieved, but rather presents a benchmark point for each scenario. The goal of multi-objective optimization is to find at which point a relative distance from the utopia point to Pareto front will be minimal. Therefore, each pareto front can be scaled to have U at the centre of the coordinate system and this is the so-called scaled Pareto front. Pareto fronts and Distance from the utopia point to Pareto front can mathematically be expressed as:
Results are presented in Figure 3 and are divided into the analysis of MCP and cost of fuel. Results show that taking each objective as the only relevant (f1 = 0 or 1) will not bring out the best possible solution, since overall optimum for all scenarios is set between relative importance factor f1,opt values 0.7 to 0.75, depending on the scenario. Since f1,opt is on the right side of the chart, this means that objective for reduction of operating costs has larger relative importance than objective for reduction of investment costs. with the fact that investment objective is more important and solution finds no equipment that can make use on price differences, like thermal or warehouse storage. Once the f1 becomes sufficiently large, objective for cost of equipment becomes less important and more equipment can be installed for offsetting the high price of electricity and even for the energy arbitrage. Breakdown of costs is shown in the following chapter.
Breakdown of costs and earnings
Detailed analysis of costs and earnings is given in the following figures. Investment and operating costs are presented in separate graphs. f1 = 0.0 Figure 4 -Breakdown of investment and operating costs for when f1 = 0 Figure 4 shows that for f1 = 0 investment costs are only related to PTH, CHP and equipment for import of electricity. This was expected, since there is no incentive for reducing the operating costs, only the investment, and levelized cost of electricity is lowest for the supply from the import unit. Import unit, together with PTH unit, covers most of the electrical and thermal demand. Due to constraints on the size of the equipment, Table 3 , some part of the thermal and electrical demand has to be covered from the CHP, which has higher levelized cost than import, but lower than PV. Both storages and PV unit, as well as exporting unit are not installed for f1 = 0 in any of the scenarios. Operating costs show high dominance from the cost of electricity due to import and rest of the costs are associated to CHP operating costs. Operating costs from the PTH unit are negative, meaning that PTH unit is dominantly used when cost, Eq. (12), is negative. Since there is no incentive for reduction of operating costs, export is zero. Negative export would mean reduction of operating costs like selling the expensive electricity to the market. f1 = @ min δ If f1 = 1, then only objective is the objective related to the operating costs. In that case, the cost of equipment is not relevant and maximum reduction in operating costs can be made with installation of larger thermal storage and warehouse, PV unit and exporting unit.
Since supply of electricity from the PV is at zero operating cost, investment in PV units is made to substitute some part of the supply from the CHP unit. Higher values of price volatility, case MCP1.2, and lower cost of fuel, case FU0.8, are supporting the investment in export capacity.
Specific cost of energy for the reference scenario (REF)
Specific cost of energy, expressed per unit of energy or unit of product, can be calculated at any point in the overall scheme presented at Figure 1 . The following points for analysis have been chosen: cost of electricity and thermal energy at the entrance into the production facility and cost of energy per unit of product at the exit from the warehouse. At this point it should be noted that the analysis conducted in this chapter would provide similar conclusions for all scenarios as the one presented for the REF scenario.
Electric energy at the entrance to the production facility can be calculated from the mix of input costs at the energy bus:
Number of products entering the warehouse can be calculated from the amount of energy used by the production facility and specific consumption of energy per product: 
